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The sheath thickness in plasma immersion ion implantation has been investigated in the presence of
a transverse magnetic field. It has been found that the steady-state sheath thickness increases with
increasing magnetic field strength. This result is in line with a simplified model of the sheath in
which the steady-state sheath thickness is determined by the plasma density and ion velocity at the
sheath edge. These results suggest that a magnetic field may be used to control the high-voltage




























































ofPlasma immersion ion implantation~PIII! is a relatively
new technology developed in the 1980’s.1,2 PIII is used to
modify material surface properties and is an alternative
proach to beamline ion implantation. In a PIII process
negatively biased target is placed in plasma. The resul
electric field is concentrated in the target vicinity, the shea
i.e., a region where quasineutrality breaks down. This e
tric field accelerates ions to high energy towards the tar
The high energy ions are implanted and thereby the sur
properties can be modified for a wide range of materia
Since the main ion acceleration is concentrated in the she
sheath behavior is extremely important in PIII-related p
cesses.
In the simplest PIII case, the target is immersed into
gaseous, stationary plasma. Such a configuration has be
such as the ability of treating targets with complex geome
A related kind of surface modification has been develop
based on the use of vacuum arc generated metal plasm3,4
This technique incorporates both surface deposition
plasma and subsurface ion implantation, with energetic
implantation occurring during the voltage-on part of the su
strate pulse-biasing and deposition occurring during
voltage-off part of the bias cycle. It was shown that in th
process film adhesion is improved in comparison with p
deposition. Peculiarities of such PIII variants were su
ciently described in recent reviews2,5,6 and sheath measure
ments were reported in Ref. 7.
Application of negative bias to the substrate immersed
the plasma leads to sheath formation near the substrate
ion matrix sheath is established on a time scale of the inv
electron plasma frequency, and ions respond much slo
namely on a time scale of the inverse ion plasma freque
During this time the high voltage sheath edge propagates
the plasma at about the ion acoustic speed.1,8 A growing
sheath may deplete the plasma and may stop the pro
when the sheath expands all the way to the chamber w






























ties and high bias voltages. At higher plasma densities,
sheath will reach a steady-state position.
Using a vacuum arc plasma source for PIII leads to s
eral effects. The ions in the vacuum arc plasma jet h
supersonic velocity~gained in the cathode spot region!,
which can significantly affect sheath expansion.9 The plasma
density along the plasma jet is nonuniform, which may le
o a plasma density increase at the sheath edge during sh
xpansion.10 In addition, ion current increases with increa
ing bias voltage, which was also explained in terms
plasma nonuniformity.11 Plasma drift generally leads to
smaller sheath thickness. If the sheath is too thin there
problem associated with electrical breakdown due to v
high electric field strength at the target surface.12 Sheath op-
timization issues were considered recently.13 It is clear that
keeping the sheath thickness in the optimal range is an
portant issue.
One of the ways to control sheath thickness may be
use of a magnetic field. It is well known that a sheath
significantly affected by a magnetic field, especially in t
case when the magnetic field is parallel to the surface
intersects the surface at small angles.14 Therefore, it is ex-
pected that a magnetic field will affect the sheath dynam
under PIII conditions as well. Previously, magnetic fiel
have been considered in PIII to suppress secondary elec
and the associated generation of x-rays.2,15 Here we focus on
measurements of the sheath thickness rather than secon
electrons.
In this letter we present some preliminary results of e
perimental measurements of the sheath size using a filt
vacuum arc plasma source. A simplified schematic of
experimental setup is shown in Fig. 1. This setup is simila
that described in Ref. 7. A vacuum arc plasma gun with
silver cathode was operated with an arc current of 500 A
pulses of 250ms duration and with a repetition rate of on
pulse per second. The negative bias pulse was of magni
up to 28 kV. The plasma was injected into a 90° curve
magnetic duct in order to separate out macroparticles~cath-






































































1184 Appl. Phys. Lett., Vol. 81, No. 7, 12 August 2002 Keidar et al.the duct at 25 cm from the duct exit plane. The voltage w
applied using a high-voltage pulse modulator. The volta
and magnetic field were applied with a delay with respec
the arc pulse. An example of arc pulse, magnetic field
bias voltage~1 kV case! profile is shown in Fig. 2~a!. The
magnetic field was applied using two solenoids of 22.9
length and 9 cm diameter with 48 turns each connecte
series. The two coils were separated by 9 cm and the ta
was placed between them as shown in Fig. 1. The magn
field at the edge of a solenoid can be calculated asB
5mnI/2, where I is the current in the coils andn is the
number of turns per length. In the following, we will prese
results as a function of this reference magnetic field. T
target shown in Fig. 1 is a biased aluminum sphere of 2
cm diameter supported by a ceramic holder. The magn
field has its main component parallel to the surface area
ing the plasma flow~transverse field!.
A small, positively biased~75 V!, movable cylindrical
probe of 4.5 mm length and 2.2 mm diameter was used
determine the size of the sheath as a function of magn
field and bias voltage. When the probe was immersed in
plasma, it collected the electron saturation current and w
the probe was immersed in the sheath, its current is pra
cally zero because the sheath is depleted of electrons
moving the probe from the target, it was possible to de
mine the sheath edge distance from the target when obs
ing a sharp change in electron current collected by the pro
The same measuring principle was previously used for m
surements of expanding sheaths with low-density, station
gaseous plasma16 and in vacuum arc plasmas.7 The bias volt-
age was varied in order to find the voltage at which elect
current to the probe will be zero for a fixed probe location.
doing the measurements this way we eliminated the e
associated with probe positioning. We define the ‘‘critica
bias voltageUcr as the minimum target voltage at which th
current to the probe becomes zero. The bias voltageUcr cor-
responds to the case when the sheath thickness equal
distance of the probe to the target.
Figure 2~b! shows the electron current measured with
probe as a function of the bias voltage for the fixed pro
position and magnetic field. The probe shows a large elec
current signal when target bias voltage is small. The nois
associated with the plasma generation process. With incr
ing bias voltage, the probe signal decreases and sudd
becomes very small as sheath thickness reaches the p
position. When the probe is located within the electro
depleted sheath, the probe current is very small. We fo


































that the critical voltageUcr generally decreases with increa
ing magnetic field. For instance, investigating a distance o
mm from the target surface, the critical voltage decrea
from 6 kV in the case of zero magnetic field to 3 kV in th
case of 0.1 T magnetic field.
The influence of the magnetic field effect can be view
such that the sheath thickness increases with magnetic
for a fixed bias voltage. The behavior of the critical volta
as a function of the magnetic field for several probe locatio
can be used to derive a sheath thickness plot as a functio
the applied bias, with the magnetic field as a parameter.
included the probe diameter in our definition of the she
thickness. The sheath thickness dependence on the bias
age is shown in Fig. 3 with magnetic field as a parameter.
anticipated, the results confirm that the magnetic field ha
significant effect on the high voltage sheath developmen
In the following we propose a qualitative explanation f
the observed phenomena. Our explanation is in line with
basic model of plasma immersion ion implantation as form
lated by Lieberman.8 When a negative voltage is applied to
substrate immersed in a plasma, electrons are repelled
the substrate, leading to sheath formation. Electrons d
across the magnetic field away from the target due to
presence of the high electric field and rare collisions w
ions and neutrals. Rare collisions will lead to a depletion
the sheath from electrons and therefore conditions clos
pure space charge sheath are realized. The ions are the
celerated toward the substrate by the electric field of
sheath. In the one-dimensional steady state case the sh
thickness can be estimated according to the Child–Langm
law17,18





where V is the ion velocity at the sheath edge,U is the
FIG. 2. ~a! Arc current, magnetic field, target voltage.~b! Electron satura-
tion current of a probe with bias voltage as a parameter. Probe is locat

























































1185Appl. Phys. Lett., Vol. 81, No. 7, 12 August 2002 Keidar et al.voltage across the sheath,s is the sheath thickness,« is the
permittivity of vacuum,Zi is the ion mean charge number,N
is the plasma density at the sheath edge, andmi is the ion
mass. In this equation plasma density and velocity at
sheath edge determine the sheath thickness for given
voltage. Strictly speaking, Eq.~1! can be questioned since i
the vacuum are plasma ions are supersonic~for instance in
the case of the silver ion velocity is about 1.03104 m/s!,19
while Eq. ~1! corresponds to the case of zero ion velocity
the sheath edge. However, as it was discussed in Ref.
the case of the high voltage sheath this equation can be
acceptable sinceU/E0@1 whereE0 is the energy of ions a
the sheath edge. One can see that the steady-state s
thickness is determined by plasma density and ion velocit
the sheath edge for a given bias voltage. While plasma d
sity and velocity distribution in the vacuum arc plasma
are well known,20,21 plasma density and velocity at th
sheath edge in the specific configuration of our experim
are determined by the plasma jet dynamics across mag
field layer in the target vicinity.
The problem of the plasma propagation across magn
field is a long standing one having numero
applications.22–24 In a simple quasione-dimensional approx
mation the potential distribution across the magnetic la












wherex is the direction along plasma jet normal to the targ
w is the plasma potential,b is the Hall parameter,B is the
magnetic field,j is the current density,Te is the electron
temperature, ands is the conductivity. Comparison of th
two last terms on the right hand of Eq.~2! shows that the las
term in Eq.~2! is negligible ifB.10220N. In our experiment
we have measured a plasma density of about 1017 m23 in the
target vicinity. Therefore, the conclusion of Ref. 24, where
currentless magnetic layer was considered, can be app
here in the entire range of magnetic fields. This means
when a partially magnetized plasma~i.e., only electrons are
magnetized! flows across a magnetic field, the plasma pot
tial increases. This potential behavior provides qua
neutrality across the layer. As a result, the ion velocity
creases as plasma propagates across the layer. In
quasione-dimensional approximation~i.e., assuming that the
FIG. 3. Sheath thickness plot as a function of the applied bias, with





















plasma expands radially with constant velocity!, plasma jet
spreading in the radial direction can be calculated asr/dx
5Cs /V, whereCs is the sound speed. Taking this into a
count one can conclude that when the axial plasma velo
decreases~as a result of the magnetic field effect! it leads to
plasma spreading in the radial direction~i.e. along magnetic
field lines! followed by plasma density decreases. Th
plasma jet propagation across a magnetic field layer lead
decrease in the plasma density and ion velocity in the qu
one-dimensional approximation. A similar effect was cons
ered in Ref. 24. This means that the plasma density and
velocity at the sheath edge decrease with magnetic field
according to Eq.~1!, the steady state sheath thickness
creases. This conclusion is in line with our experimental o
servations.
In summary, we have found that a transverse magn
field affects the high voltage sheath dynamics. We found t
a critical voltage~defined as the voltage at which the electr
current to the probe becomes zero at a given probe loca
from the target! generally decreases with magnetic field. Th
means that the sheath thickness increases with magnetic
for a fixed bias voltage. This result can be explained in ter
of a simple model of the sheath, when the steady-state sh
thickness is determined by the plasma density and ion ve
ity at the sheath edge. These results show that a magn
field may be used to control high-voltage sheath dynami
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